Psychosocial stress, such as isolation and restraint, disrupts reproductive neuroendocrine activity. Here we investigate the impact of psychosocial stress on luteinizing hormone (LH) pulses and gene expression and neuronal activation within Rfrp and Kiss1 cells in female mice. Mice were ovariectomized (OVX) and handled daily to habituate to the tail-tip blood collection procedure. Blood was collected every 5 minutes for 180 minutes for measurement of LH. After 90 minutes, stress animals were placed into restraint devices and isolated to new cages. No-stress control animals remained in their home cages. LH pulses occurred at regular intervals during the entire 180-minute sampling period in controls. In contrast, stress induced a rapid and robust suppression of pulsatile LH secretion. Stress reduced the frequency of pulses by 60% and diminished basal LH levels by 40%; pulse amplitude was unaffected. In a separate cohort of OVX females, brains were collected after 45, 90, or 180 minutes of stress or in no-stress controls. At all time points, stress induced a potent decrease in arcuate Kiss1 neuronal activation, using cfos induction as a marker, with a 50% to 60% suppression vs control levels, whereas Rfrp and cfos coexpression in the dorsal-medial nucleus was elevated after 45 minutes of stress. Although arcuate Kiss1 gene expression remained stable, Rfrp expression was elevated 20% after 180 minutes of stress. These findings demonstrate rapid suppression of LH pulsatile secretion by psychosocial stress, associated with reduced cfos induction in Kiss1 neurons and time-dependent increases in Rfrp neuronal activation and messenger RNA. (Endocrinology 158: 3716-3723, 2017) P sychological stress can negatively impact reproduction in many mammalian species, including humans (1-5). In females, stress can disrupt ovarian cyclicity, as well as upstream gonadotropin synthesis and secretion (5-8). For example, restraint and/or isolation, commonly used models of psychosocial stress, reduces luteinizing hormone (LH) and follicle stimulating hormone (8-15). In some studies, stress-induced suppression of gonadotropins has been measured as "one-off" single measures, either for simplicity or for technical reasons. However, in species allowing repeated serial measures, psychosocial stress exposure or corticosterone treatment was shown to inhibit the pulsatile release of LH (8, (16) (17) (18) (19) . In mice, measurement of LH pulses has been technically challenging, due to the difficulty in obtaining enough blood volume for repeated LH measurements and the absence of an assay validated for measuring LH in low blood volumes. Recently, technical advances in assay sensitivity and blood collection paradigms have allowed researchers to begin accurately measuring LH pulses in mice (20, 21) .
Psychosocial stress, such as isolation and restraint, disrupts reproductive neuroendocrine activity. Here we investigate the impact of psychosocial stress on luteinizing hormone (LH) pulses and gene expression and neuronal activation within Rfrp and Kiss1 cells in female mice. Mice were ovariectomized (OVX) and handled daily to habituate to the tail-tip blood collection procedure. Blood was collected every 5 minutes for 180 minutes for measurement of LH. After 90 minutes, stress animals were placed into restraint devices and isolated to new cages. No-stress control animals remained in their home cages. LH pulses occurred at regular intervals during the entire 180-minute sampling period in controls. In contrast, stress induced a rapid and robust suppression of pulsatile LH secretion. Stress reduced the frequency of pulses by 60% and diminished basal LH levels by 40%; pulse amplitude was unaffected. In a separate cohort of OVX females, brains were collected after 45, 90, or 180 minutes of stress or in no-stress controls. At all time points, stress induced a potent decrease in arcuate Kiss1 neuronal activation, using cfos induction as a marker, with a 50% to 60% suppression vs control levels, whereas Rfrp and cfos coexpression in the dorsal-medial nucleus was elevated after 45 minutes of stress. Although arcuate Kiss1 gene expression remained stable, Rfrp expression was elevated 20% after 180 minutes of stress. These findings demonstrate rapid suppression of LH pulsatile secretion by psychosocial stress, associated with reduced cfos induction in Kiss1 neurons and time-dependent increases in Rfrp neuronal activation and messenger RNA. (Endocrinology 158: 3716-3723, 2017) P sychological stress can negatively impact reproduction in many mammalian species, including humans (1) (2) (3) (4) (5) . In females, stress can disrupt ovarian cyclicity, as well as upstream gonadotropin synthesis and secretion (5) (6) (7) (8) . For example, restraint and/or isolation, commonly used models of psychosocial stress, reduces luteinizing hormone (LH) and follicle stimulating hormone (8) (9) (10) (11) (12) (13) (14) (15) . In some studies, stress-induced suppression of gonadotropins has been measured as "one-off" single measures, either for simplicity or for technical reasons. However, in species allowing repeated serial measures, psychosocial stress exposure or corticosterone treatment was shown to inhibit the pulsatile release of LH (8, (16) (17) (18) (19) . In mice, measurement of LH pulses has been technically challenging, due to the difficulty in obtaining enough blood volume for repeated LH measurements and the absence of an assay validated for measuring LH in low blood volumes. Recently, technical advances in assay sensitivity and blood collection paradigms have allowed researchers to begin accurately measuring LH pulses in mice (20, 21) .
To date, little is known about underlying mechanisms for stress suppression of gonadotropin-releasing hormone (GnRH) and downstream LH secretion, especially at the level of the brain. Emerging evidence suggests that kisspeptin neurons in the arcuate nucleus are key components for generating and stimulating GnRH pulse secretion. Thus, it is possible that stress-through factors and pathways yet to be determined-impacts arcuate kisspeptin neurons, thereby altering downstream GnRH and LH pulsatility. In addition, recent evidence suggests that the peptide RFamide-related peptide 3 (RFRP-3) can inhibit GnRH and LH output and may do so under stressful conditions. In rats, 5 hours of restraint stress increased hypothalamic Rfrp messenger RNA (mRNA) expression and decreased mean LH via a pathway dependent on elevated corticosterone (9) . By contrast, acute 1-hour restraint in female rats caused decreased Kiss1 levels in the arcuate when measured 5 hours later, as did metabolic (insulin-induced hypoglycemia) or immunological lipopolysaccharide stress (17, 22) . Whether such alterations in Rfrp or Kiss1 occur similarly in mice under stress paradigms has not yet been studied.
In this communication, we (1) took advantage of the recent breakthrough in mouse LH pulsatility measurement to analyze how acute (90 minutes) restraint stress alters several different LH pulsatility parameters in awake female mice and (2) determined how acute restraint stress influences gene expression and cfos induction, a common marker of neuronal activation, in Rfrp and Kiss1 neurons. We report a significant stressinduced inhibition of LH pulsatile secretion, which occurs in correlation with decreased Kiss1 and cfos coexpression and elevated Rfrp and cfos coexpression.
Materials and Methods

Animals
Adult female C57Bl/6 mice (.2 months old) were housed in groups of two to four under a 12-hour light/dark cycle (lights off at 1800) and provided food and water ad libitum. Mice were bilaterally ovariectomized (OVX) under isoflurane anesthesia to promote elevated circulating LH levels due to lack of sex steroid feedback. All experiments were approved by the University of California, San Diego, Institutional Animal Care and Use Committee.
Experiment 1: LH pulse measures before and during acute stress in female mice OVX mice were handled daily for 28 days to allow for habituation to the tail-tip bleeding procedure. On the day of the experiment (between 0800 hours and 1200 hours), serial tail bleeds were performed, with 3 mL whole blood collected from the tail tip every 5 minutes for 180 minutes. These whole blood samples were immediately diluted into 57 mL of assay buffer, mixed, and placed on ice until storage at 220°C. The 180-minute sampling period was divided into two consecutive pre/post periods: for the first 90 minutes, all animals remained unstressed. For the second 90 minutes, control animals remained in their home cages and stress animals were placed into Broome rodent restraint devices (Harvard Apparatus, Holliston, MA) and isolated to new cages.
Experiment 2: Effect of acute stress on Kiss1 and Rfrp neurons in female mice
Two weeks following OVX, mice were restraint stressed for either 45, 90, or 180 minutes and then immediately euthanized and their blood and brains collected. All stress and control (0 minutes; not exposed to restraint) mice were euthanized between 0930 and 1200 hours. At the time of euthanasia, mice were quickly anesthetized with isoflurane and blood collected via retro-orbital sampling just before rapid decapitation. Blood serum was isolated and stored at 220°C. Brains were immediately frozen on dry ice before being stored at 280°C until use in in situ hybridization (ISH) assays.
Hormone assays
Ultrasensitive mouse LH enzyme-linked immunosorbent assay
For LH pulse detection in experiment 1, LH was measured in 3 mL of whole blood by in-house enzyme-linked immunosorbent assay at the University of Virginia Ligand Assay Core, based on a method and reagents published in Steyn et al. (21) . The limit of quantitation (functional sensitivity) is defined as the lowest concentration that demonstrates accuracy within 20% of expected values and intraassay coefficient of variation (%CV) ,20%, and was determined by serial dilutions of a defined sample pool. Intra-and interassay %CVs were ,2.3% and ,7%, respectively. Functional sensitivity was 0.320 ng/mL.
LH radioimmunoassay
For experiment 2, serum LH was measured by two-site sandwich immunoassay, as described previously (23) (24) (25) . The limit of detectability was 0.04 ng/mL.
Corticosterone enzyme-linked immunosorbent assay
For experiment 2, blood serum from stress (45, 90, or 180 minutes) and no-stress controls was assayed using DetectX Corticosterone EIA kit (Cat. K014; Arbor Assays), per the manufacturer's instructions. Assay sensitivity was 18.6 pg/mL.
Single-and double-label ISH
Frozen brains were sectioned on a cryostat into 5 sets of 20-mm sections and thaw mounted on Superfrost-plus slides that were stored at 280°C until assay. Single-label ISH for arcuate Kiss1 or dorsal-medial nucleus (DMN) Rfrp, and double-label ISH for cfos+Kiss1 or cfos+Rfrp (as proxy measure of neuronal activation) were performed as previously described using previously validated riboprobes (26, 27) . All ISH slides were analyzed under microscopy by a person blinded to treatment groups using an automated image processing and quantification software program (Dr. Don Clifton, University of Washington), as previously described (26) (27) (28) .
LH pulse analysis
LH pulses were identified using the DynPeak pulse detection algorithm previously described (29) . Default values were used for all parameters, except that (1) the global relative threshold was increased to 35% to account for the high basal LH levels in OVX animals, (2) the nominal peak threshold was reduced to a value of 20 minutes due to the high frequency of LH pulses in OVX animals (20) , and (3) the three-point peak threshold was removed due to the limitations in 5-minute sampling frequency of OVX mice. Uncertainty of the assay was based on assay %CVs. Average values for each LH parameter (frequency, interpulse interval, amplitude, mean LH, and basal LH) were calculated across the pre and post periods (first 90-minute and second 90-minute periods, respectively). Frequency was defined as the number of pulses per 90-minute period. Interpulse interval was defined at the period of time between pulse peaks. When only one peak occurred within the 90-minute sampling period, the interpulse interval was calculated from the time of the peak to the end of the sampling period; if no peaks occurred, the interpulse interval was calculated as 90 minutes. Pulse amplitude was defined as the difference between peak value and preceding nadir and calculated for each period in which pulses were detected. Two animals did not show pulses during the stress period and were removed from the assessment of pulse amplitude. Mean LH was calculated by averaging all LH values within the sampling period. Basal LH was determined by averaging all nadirs within the 90-minute sampling period, or for the two animals that did not show pulses, averaging the post values at 30, 60, and 90 minutes.
Statistics
LH pulse parameters were analyzed by two-way repeated measures analysis of variance (ANOVA) with Tukey post hoc testing to identify differences between pre-and post-sampling periods of the stress and no-stress groups. For the ISH data, values are expressed as the mean 6 standard error of the mean (SEM), and group differences were identified by one-way ANOVA with Fisher least significant difference post hoc testing. All statistics were performed using JMP 10.0 (SAS, Cary, NC) and significance set at P , 0.05.
Results
Acute restraint stress suppresses LH pulses in female mice Figure 1 illustrates profiles of LH in three representative OVX no-stress control mice [ Fig. 1(A-C) ] and three representative OVX mice in response to restraint stress [ Fig. 1(D-F) ]. The pattern of LH pulses in control females was robust, rapid, and regular during the entire 180-minute sampling period. Pulse frequency averaged 3.8 pulses/90 minutes, with an interpulse interval of 26 minutes. LH pulse amplitude averaged 4.8 ng/mL during the first 90-minute period, and values did not significantly differ between the pre and post periods in controls ( Fig. 2 ; control, pre vs post). In contrast, restraint stress induced a rapid and unambiguous suppression of pulsatile LH secretion [ Fig. 1(D-F) ] that was not observed in controls. Quantitative analysis determined that stress suppressed LH pulse frequency by 60% and prolonged the interpulse interval from the prestress baseline of 20 minutes to 58 minutes during the stress period [P , 0.05; Fig. 2(A) and 2(B) ; stress, pre vs post]. Although LH pulse amplitude was unchanged [ Fig. 2(C) Acute restraint stress does not alter Kiss1 expression, but increases Rfrp levels at 180 minutes
In experiment 2, OVX female mice were subjected to restraint stress for 45, 90, or 180 minutes, and compared with no-stress controls. Serum corticosterone levels were low in controls, as expected, and dramatically elevated in the stress groups [P , 0.05; Fig. 3(A) ]. Serum LH at 90 and 180 minutes, measured as single one-off values, was trending lower [P = 0.09; Fig. 3(B) ]. ISH analysis revealed that arcuate Kiss1 expression, determined by the number of Kiss1-expressing cells, was not significantly different between the no-stress controls and stress groups [ Fig.  3(C) ]. In contrast, Rfrp cell numbers in the DMN remained unchanged after 45 or 90 minutes of stress, yet were significantly elevated by 20% after 180 minutes of stress relative to controls [P , 0.05; Fig. 3(D) ].
Acute restraint stress decreases Kiss1 neuronal activation and increases Rfrp neuronal activation
Brains of stress and no-stress control mice were also analyzed for neuronal activation of arcuate Kiss1 or Rfrp neurons, using cfos induction as a marker. All three stress groups showed a significant reduction in arcuate Kiss1 and cfos coexpression relative to controls [P , 0.05; Fig. 4(A)  and 4(B) ]. The magnitude of decrease in Kiss1 neuronal activation did not differ between stress groups, ranging from 51% to 63% lower than control levels. In contrast, Rfrp neuronal activation, based on cfos induction, was increased after 45 minutes of stress (P , 0.05) but not significantly elevated at later times [ Fig. 4 (C) and 4(D)].
Discussion
The present rapid communication examines stress effects on LH pulse output and neural gene expression of key Figure 2 . LH pulse parameters in stress and no-stress female mice. Quantitative summary of the LH responses during the first 90-minute (Pre) or second 90-minute (Post) sampling period in control OVX mice or mice in response to stress (n = 7 mice/group). Mean (6 SEM) values for each LH parameter-(A), frequency; (B), interpulse interval; (C), pulse amplitude; (D), mean LH; (E), basal LH-were calculated across the pre and post periods and analyzed by two-way repeated measures ANOVA with Tukey post hoc testing to determine stress effects. Note: Two stress animals did not show pulses during the stress period and were not included in the assessment of LH pulse amplitude. None of the LH parameters differed significantly during the pre period between control and stress groups. *P , 0.05, pre vs post period.
reproductive regulators. We determined that acute restraint stress in female mice rapidly diminishes pulsatile LH secretion, within 30 minutes, and alters neuronal activation of arcuate Kiss1 and DMN Rfrp cells at 45 minutes, the first poststress time point evaluated. Despite that, Kiss1 gene expression was unchanged after acute stress, and Rfrp gene expression increased only after 180 minutes of stress exposure. Collectively, these findings highlight the rapidity of stress-induced changes in LH pulsatility relative to the changes in gene expression of Kiss1 and Rfrp, and underscore the need for future studies to evaluate mechanisms underlying the initiation and maintenance of reproductive impairment associated with stress.
Our findings demonstrate that psychosocial stress can robustly inhibit LH pulses in OVX female mice. Using an experimental design in which each animal serves as its own control, we demonstrate that the GnRH pulse generator is exquisitely responsive to acute psychosocial stress. Restraint stress reduces LH pulse frequency within minutes with no detectable reduction in LH pulse amplitude observed during 90 minutes of stress. The reduction in pulse frequency, in the face of steady pulse amplitude, strongly suggests central impairment by stress. A major qualifier to this conclusion is that the females were devoid of ovarian steroids. Considering that the magnitude of the response to stress, including restraint stress, can differ between sexes or with gonadal steroid milieu (10, (30) (31) (32) (33) (34) (35) (36) , future studies are required to evaluate the impact of these factors on the reproductive neuroendocrine response to acute stress. It is also notable that the stress suppression of LH was statistically significant only when LH was measured in repeated serial sampling that allowed for the analysis of pulse frequency. Because stressed females still showed the occurrence of LH pulses of normal amplitude, just at a reduced frequency, it is likely that single "one-off" measures occasionally captured, by chance, LH during a pulse, thereby obscuring the overall reduction in LH that serial sampling demonstrated. This underscores the importance of pulse sampling and highlights the difficulty to interpret stressinduced changes in LH from single measures.
The current study quantified stress-induced changes in reproductive gene expression (based on the number of identified mRNA-expressing cells) and neuronal activation (based on cfos mRNA induction) in key populations either involved in stimulating GnRH, arcuate Kiss1 neurons, or postulated to be inhibitory to the reproductive axis, Rfrp neurons. Although we observed no notable change in arcuate Kiss1 levels (based on Kiss1 neuron number) up to 3 hours following acute restraint stress, the percent of arcuate Kiss1 cells expressing cfos is Appendix. Antibody Table   Peptide reduced at 45 minutes and this suppression persists for 180 minutes. This indicates that changes in kisspeptin synthesis do not underlie the rapid suppression of LH pulses observed within 3 hours of stress exposure, but raises the possibility that stress-induced suppression of Kiss1 neuronal signaling underlies the rapid suppression in GnRH/LH pulsatility associated with stress. We also observed a rapid upregulation of Rfrp neuronal activation at 45 minutes after stress induction, suggesting that acute stress exposure may concurrently decrease kisspeptin neuron signaling and activate the RFRP-3 system, thereby providing increased restraint on the reproductive axis. In contrast to rapid changes in neuronal activation, changes in neuron gene expression take longer to manifest and may therefore underlie later decreases in LH at 180 minutes or longer. Indeed, we observed a significant increase in Rfrp levels (i.e., more detectable Rfrp cells) 180 minutes following the initiation of restraint stress, a response previously observed in male rats 5 hours after stress exposure (9) . This later increase in Rfrp gene expression may be related to the earlier increase in activation of Rfrp neurons, perhaps as a mechanism to replenish RFRP-3 stores. Furthermore, prior evidence that restraint can suppress Kiss1 mRNA in female rats 5 hours following restraint stress suggests that Kiss1 gene expression may be reduced at later time points beyond 180 minutes (17) . In summary, we show that acute stress in mice elicits rapid and robust suppression of LH pulse frequency and alterations in kisspeptin and RFRP-3 neuron activation. Given the cutting-edge genetic tools currently available in mice, the advancement in our ability to study repeated measurements of LH in this species is critical to our examination of how stress pathways influence gonadotropin secretion. Future studies will evaluate the mechanisms by which Kiss1 neurons respond to stress and determine how Rfrp cells are involved in this suppression.
